Process induced thermal residual stresses and matrix failure of unidirectional CFRP has been investigated by finite element methods. Partial discrete model composites consisting of a microscopic area of fibers and matrix surrounded by a homogeneous area were chosen. Four cases have been investigated concerning the formation of residual stresses and initial matrix failure: A free UD-laminate, a constrained UD-laminate, a cross ply laminate and a thick laminate which is subjected to a temperature gradient during cooling down. On the basis of experimental results from thermo-mechanical tests of the neat resin, the temperature dependent matrix stress-strain behavior as well as the parabolic failure criterion were formulated and introduced into the finite element program. The actual stress state on the microscopic level depending on different boundary condition could be described. The authors showed that the approach of a partial discrete model is suitable to determine the initial matrix failure of different macroscopic specimens under consideration of micro-mechanical effects. The results showed that high tri-axial stresses occur in the constrained laminate and the cross ply laminate, which lead to initial matrix failure in the 90
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Introduction
Nowadays, many composites are composed of thermoset matrices cured at temperatures 100
• C to 200 • C above their working temperature. The composite is subjected to residual stresses after curing and cooling, owing to the curing shrinkage of the resin and the mismatch of the coefficient of thermal expansion (CTE) between fiber and matrix. In polymer-based composites, matrices have higher CTE's than the fibers. The resulting tri-axial stress state has a strong effect on the mechanical performance of composites. It is revealed that the presence of resid-ual stresses reduces the transverse strength to failure (1) , (2) . When the residual stresses are sufficiently large, microcracks can be easily induced.
In the past three decades numerous researches have been carried out on residual stresses in composite materials by using analytical, numerical and/or experimental approaches. The most analyses concern thermal expansion mismatch between the components. Single fiber (3) , (4) or multifiber models in square (1) or hexagonal (1) , (5), (6) array were chosen as micromechanical models. Wang et al. (6) calculated by analytical methods the residual stresses in the matrix of a model composite with hexagonal array.
However, analytical calculations have strong limitations concerning boundary conditions, nonlinear material behavior, large strains etc., the finite element method is a suitable method to investigate the residual stresses on the micromechanical level.
Fiedler, et al. (7) studied the residual stresses by finite element method and photo elastic analysis with regard to the influence on interfacial contact. In our former (8) work, the authors showed that the local fiber volume fraction has an influence on the residual stress state and initial matrix failure. The failure behavior of epoxy resins was studied and discussed in detail (9) . The parabolic Mohr failure criterion was applied to experimental results and it has been shown that this failure criterion is suitable to describe the experimentally observed failure behavior of thermosetting matrices.
The present work concerns the influence of macroscopic boundary conditions, like constrained expansibility, under presence of a 0
• -layer in a cross-ply laminate and a temperature gradient in thick laminates, on the micromechanical formation of residual stresses, which can lead to initial matrix failure. A strong adhesion between the composite and a rigid working tool, can lead to constrained conditions. This cause additional residual stresses in a laminate. Cross ply laminates always have residual stresses because of the mismatch in the ply properties. The interaction with the 0 • -layer lead to tensile stresses in the 90
• -ply during cooling. A temperature gradient across the thickness of a laminate can generate residual stresses, similar to those induced by rapid cooling and quenching processes. Prediction of residual stresses and induced matrix failure requires knowledge of the temperature dependent mechanical and thermal properties of the constituents. Young's modulus, yield stress, fracture strain and stress as well as the coefficient of thermal expansion of the thermosetting matrices are very sensitive to temperature. The temperature dependent nonlinear matrix behavior is one of the most important among them, because matrix plasticity can heavily change the residual stress state predicted for the elastic case (10) . In general residual stresses can be reduced by plastic flow of the matrix.
First thermomechanical experiments have been carried out in order to obtain temperature dependent mechanical behavior, like the Young's modulus and the CTE, as well as the temperature dependent nonlinear stress-strain behavior. Then several FE-model composites, like free UD-laminates or cross-ply laminates have been developed and analyzed.
Experiments
Tensile tests at different temperatures, Dynamic Mechanical Thermal Analysis (DMTA) and Thermal Mechanical Analysis (TMA) were used to obtain the temperature dependent material properties.
1 Materials
The composite laminate used in this work was manufactured in a vacuum assisted resin-transfer-molding process (RTM) of 12 layers Hexel unidirectional (UD) G1157 fabric and RTM6 (Hexel Corp.) epoxy resin. The G1157 fabric consists of 96% carbon fibers (Toho HTA 6 K, V f = 60%) in 0
• -direction and 4% glass fibers in 90
• -direction. In order to obtain a composite containing only carbon fibers, the glass fibers were removed in sections from the fabric before resin infiltration. The curing temperature was T c = 453 K for 2 hours followed by a post cure cycle at 463 K for 4 hours. The UD-composite had a thickness of 3 mm after curing. In addition neat resin slabs (180 mm × 140 mm × 10 mm) were made for tests in order to determine the thermomechanical properties of RTM6 neat resin.
2 Tensile tests
Tensile testes were carried out for the neat resin using dog bone specimens in order to determine the temperature dependent stress-strain behavior at different temperatures. A specimen thickness of 0.5 mm and a specimen width of 5 mm were chosen to achieve a plane stress state. The specimen surfaces were mirror like polished in order to minimize the influence of surface flaws and voids on the mechanical properties.
The tensile tests were carried out using a universal tensile testing machine (Zwick1474). The crosshead speed was kept at 1.67 × 10 −5 m/s (1 mm/min). The tensile tests were performed in a climatic chamber in order to vary the testing temperature. It was possible to vary the temperature in a range of −50 • C to 180
• C with an associated heating/cooling system. At least five specimens for each condition were tested at 25
and 180
• C. The resulting stress-strain curves are shown in Fig. 1 . With increasing temperature the mechanical behavior of the resin becomes more non-linear and the yield and failure stress decreases, whereas the strain to failure increases. Similar to our former paper we used the 0.05% offset yield stress. The initial yield stress σ 0.05 and ultimate failure strength σ f are summarized in Fig. 2 . The yield and fracture stresses (average ± standard deviation) are σ 0.05 = 27 ± 0.9 MPa and σ f = 87 ± 2.2 MPa at room tem- in the considered temperature range can be assumed to be linear.
Transverse tensile tests at room temperature were performed for the composite material, and the results are shown in Fig. 3 . The stress-strain relation was linear up to final fracture. The fracture stress (58.3±2.2 MPa) was much lower than that of the neat resin at room temperature (σ f = 87±2.2 MPa).
3 Torsion tests
Torsion test were carried out at room temperature for neat resin specimens. Tube specimens according to Fiedler et al. (9) were machined from neat resin slabs. The inner-and outer diameter was 3 and 6 mm, respectively and the gage length 20 mm. In order to carry out the torsion tests with an engineering shear strain rate similar to the tensile strain rate, the crosshead speed was kept to Figure 4 shows a representative stress strain curve for RTM6 at room temperature. Initial stress-strain behavior is linear, a shear modulus of 1.23±0.03 GPa was obtained. With increasing strain, the behavior becomes non-linear and goes into totally plastic behavior. The maximum shear stress was σ f = 76.1 ± 3.2 MPa. The final failure is still of brittle nature even after a total plastic deformation of about 15%. The fracture surface was in the plane of maximum principal tensile stress under an angle of 45
• to the longitudinal direction of the specimen. Fiedler et al. observed the same behavior on Bisphenol-A type epoxy resins (9) .
4 Dynamical Mechanical Thermal Analysis
(DMTA) The temperature dependency of the Young's modulus was measured using a dynamic mechanical analyzer (Eplexor 500 N, Gabo Qualimeter). After rapid cooling down to −80
• C, the specimens were heated up to 180
• C with a heating rate of 3
• C/min. The tests were carried out in tensile mode with an oscillating frequency of 1 Hz. From the DMTA experiments, the storage (E ) and the loss (E ) moduli as well as the loss tan δ were measured as a function of temperature. The absolute value of the complex Young's modulus E * can be calculated by following equation.
Owing to the viscoelastic behavior of polymers, the complex modulus E * determined by DMTA is often higher than the corresponding one obtained by static tensile tests (8) . Thus, the measured values were shifted to the results of the static experiments at room temperature (E * to Table 1 . Table 1 Temperature dependent coefficients of thermal expansion for RTM6 resin and the composite Fig. 6 Schematic illustration of the developed 2D FE-models: (a) uniformly cooled UDlaminate, (b) constrained laminate, (c) UD-laminates subjected to a temperature gradient, and (d) cross ply laminate
Numerical Analysis

1 Modeling
The numerical calculations are carried out using a commercial finite element code MARC/Mentat™ (version 2001). The FEM models are schematically shown in Fig. 6 . All models consist of a microscopic unit cell with matrix and fibers in a hexagonal array and a homogeneous area with properties of a unidirectional composite (V f = 60%). All FE meshes are created using two dimensional 4-node plain strain elements. The residual stresses of the matrix were determined in the discrete unit cell at the interface of the central fiber.
Four different cases were analyzed concerning the formation of residual stresses: A free deformable UDlaminate (a), a constrained laminate (b), a thick laminate which is subjected to a temperature gradient during cooling (c), and a cross ply laminate (d). The length of the cross ply laminate was 5 times higher than the thickness, in order to avoid side effects from the free surface. The residual stresses in the cross ply laminate were determined in a distance d to the 0
• -layer of d = 13 µm and d = 1 975 µm. For the application of a temperature gradient, a model of an UD-laminate was subdivided into 10 layers. Each layer was cooled down successively by time delayed temperature functions. The time delay for cooling down of each layer was chosen that a total temperature difference of 20
• C between the surface and the center occurred. Fibers and composite were taken as orthotropic materials. The matrix was modeled as an isotropic non-linear material with temperature dependent material properties. The temperature dependent elastic properties, CTE, and non-linear behavior of the matrix were considered in the Table 2 Elastic constants of the neat resin, the carbon fiber (8) and the composite finite element analysis. The non-linear behavior was included into the FE-calculation using a FORTRAN programming interface. The elastic properties at room temperature of the matrix, the fiber, and the composite are summarized in Table 2 .
2 Parabolic failure criterion
Over the years several approaches have been developed to describe the failure of materials under multi-axial stress states. The literature gives a good overview about common criteria (11) . In this work the parabolic criterion was used to describe the failure of the thermosetting matrix. This criterion is considered to be most realistic to describe the macromechanical behavior of polymeric materials (12) , in which the hydrostatic component of the stress state is taken into account. The parabolic criterion can be expressed in terms of the octahedral stresses σ 0 and τ 0 according to mathematical formulation of Tschoegl (13) as following equation.
with the octahedral stresses σ 0
and τ 0
Two mechanical tests are necessary in order to determine the constants a 0 /a 11 and a 14 /a 11 . Commonly simple tests, like unidirectional tensile, compression and shear tests are used. Figure 7 shows the parabolic failure curve in terms of the octahedral stresses obtained from the uniaxial tensile and torsion test. The full dots T and S represent the tensile and shear strength, respectively. The parameter for the failure surface are a 0 /a 11 = 3 860 and a 14 /a 11 = 75.3.
Numerical Results and Discussion
1 Stress analysis
Effects of macroscopic boundary conditions on the micromechanical residual stress formation have been investigated by the finite element method. Since it is useful to display the interfacial residual stresses in terms of the radial, hoop and longitudinal stresses (σ R , σ H , σ L ), concerning the fiber/matrix interface, the coordinates were transformed from Cartesian to cylinder coordinates. Figure 8 shows the radial stress distribution regarding the center of the central fiber in the matrix for the free expandable UD-laminate. It is apparent that the matrix and interfacial residual stresses are not constant. The influences of the neighboring fibers lead to a stress variation along the circumference of the fibers. The stress distribution shows a six-fold symmetry, owing to the hexagonal fiber array. Thus it is sufficient to display the residual stresses in a circumference of α = 0
• − 30
• . Owing the influence of certain boundary conditions the stress distribution in the interface is shown in an angle of α = 0
The interfacial stresses for the free expandable UD- The stress distribution in the matrix of the constrained laminate shows a similar pattern, however the stress values are much higher and the maximum/minimum variation is smaller than in the free expandable laminate. The stresses vary from σ Rmin = 88.0 MPa, σ Hmin = 99.5 and σ Lmin = 96.2 MPa to σ Rmax = 90.8 MPa, σ Hmax = 100.0 MPa and σ Lmax = 97.7 MPa. This means that a constrained boundary condition cause an almost hydrostatic stress state.
In a cross ply laminate the 0 • -Layer has a strong influence on the stress distribution in the interface. Figure 10 shows The location of the maximum stresses corresponds to the direction of closest interfiber distance and agrees with the fiber direction of the 0 • -ply. This is apparent, then generally speaking, when a cross ply laminate is cooled down, additional tensile stresses are generated in this direction in the 90
• -ply. Figure 11 shows the results for a UD-laminate, which was subjected to a temperature gradient during cooling. The results inside the laminate are the same like in the uniformly cooled free UD-laminate. At the surface the interfacial radial-and hoop stresses vary strongly in the 90
• - Fig. 12 Local octahedral stresses at the position of maximum residual stresses (α = 90 • ) and the parabolic failure surface at T = 85
• C, 39
• C and 25
Compared to a uniformly cooled UD-laminate, the radial stresses increase to σ Rmax = 25.8 MPa and the hoop stresses decrease to σ Hmin = 8.7 MPa. This indicates that a temperature gradient has no influence on the inside of a UD-laminate but causes additional plastic deformation at the surface. For a linear-elastic matrix, the final stress state will be the same for a uniformly cooled laminate and a laminate with a temperature gradient. In this analysis the final stress state is influenced by macroscopic matrix yielding during cooling.
2 Failure analysis
The formations of the residual stresses in terms of the octahedral stresses are plotted in Fig. 12 for the investigated cases. The stresses were taken from matrix nodes at the location of closest interfiber distance (α = 90
• ), where after cooling the highest residual stresses occurred. Furthermore the parabolic failure criterion is shown for different temperatures. Residual stresses increase with decreasing temperature, and the failure surface moves to higher octahedral stresses. Small circles show the final stresses at room temperature (RT). It is obvious that the influence of consideration of a temperature gradient on the stress values is small. The final stress state after cooling is for both cases (surface and inside) the same as in the case of a uniformly cooled laminate. However, the stresses in the nonuniformly cooled laminate shows certain variations from those the uniformly cooled one during cooling. The final stress state of the free expandable laminate and the laminate, which is subjected to a temperature gradient, does not exceed the parabolic failure curve. Thus for these cases initial matrix failure during cooling can be excluded.
The residual stresses in the cross-ply laminate in terms of octahedral stresses are almost the same for d = 13 µm and d = 1 975 µm. Under constrained boundary conditions the stress state in a UD-laminate becomes almost hydrostatic tensile. According to the von Mises yield criterion, the matrix behaves always linear elastic under theses stress conditions. The parabolic failure criterion predicts failure for the cross ply laminate at 39
• C and for the constrained UD-laminate at 85
• C.
Conclusion
In the present work we investigated the formation of residual stresses and initial matrix failure in CFRP under consideration of plastic deformation of the thermosetting matrix. We showed that during the manufacturing process the development of microscopic residual stresses depend on macroscopic boundary conditions. The results show that during manufacturing of the composite the residual stresses are tri-axial and can cause initial failure on the microscopic level. Especially in the cross ply laminate and in the constrained UD-laminate high hydrostatic stresses are generated, which lead to initial matrix failure during cooling. In the free UD-laminate and the laminate that is subjected to a temperature gradient, the residual stresses are influenced by matrix yielding at elevated temperatures. This mean the final stress state is lower than for the equivalent elastic case. The occurrence of a temperature gradient lead to additional plastic deformation at the surface of the laminate, whereas the maximum stress level is not affected. Initial matrix failure due to residual stresses can be excluded, for the UD-laminate under uniform and nonuniform cooling conditions.
